Abstract. The response properties of taste receptors distributed on the soft palate of the hamster were studied by recording integrated responses from the greater superficial petrosal (GSP) nerve. Stimuli were concentration series of sucrose, NaCl, HC1 and quinine hydrochloride (QHC1), and several other 0 1 M salts and 0 5 M sugars. For comparison, integrated responses were recorded from the chorda tympani (CT) nerve in many of the same animals from which recordings were made from the GSP. Responses in each preparation were scaled relative to the phasic response to 0.1 M NaCl and were then expressed for each nerve as a proportion of the total response magnitude (TRM)-the sum of all the responses to the four concentration series. In this way, the relative response of each nerve to all of the stimuli could be evaluated. There were significant differences between the GSP and CT nerves in the responses to NaCl, QHCI and sucrose. Both the phasic and tonic responses to sucrose were larger in the GSP than in the CT, whereas the tonic responses to NaCl and QHCI were smaller. The slopes of the concentration-response functions for NaCl, HCI and sucrose were significantly different between the two nerves. The responses to 0.1 M sodium and lithium salts were significantly greater in the CT than in the GSP; whereas the 0.5 M sugars elicited responses in the GSP that were 2-3 times greater than in the CT nerve. A comparison of the relative responsiveness to 0 3 M sucrose, 0.3 M NaCl, 0.01 M QHCI, 0.01 M HCI and distilled water among the GSP, CT, glossopharyngeal (IXth) nerve and superior laryngeal nerve (SLN) indicated that the vast majority of information about sucrose and NaCl is transmitted to the brainstem by the Vllth nerve.
Introduction
Taste receptors are distributed on the tongue and throughout the oral cavity of mammals within several subpopulations of taste buds (Fish et ai, 1944; Guth, 1957; CleatonJones, 1971; Miller, 1977; Miller and Spangler, 1982; Miller and Smith, 1984; Belecky and Smith, 1990) . Taste buds in the fungiform papillae on the anterior portion of the tongue and in the more rostral foliate papillae on the sides of the tongue are innervated by the chorda tympani (CT) branch of the Vllth nerve. Located on the soft palate and in the naso-incisor ducts are taste buds innervated by the greater superficial petrosal (GSP) branch of the Vllth nerve. The glossopharyngeal (IXth) nerve innervates taste buds in the vallate and foliate papillae on the posterior portion of the tongue and the superior laryngeal nerve (SLN) innervates taste buds distributed on the laryngeal surface of the epiglottis and on the aryepiglottal folds. In the hamster, ~ 18% of the taste buds are in the fungiform papillae, 14% are on the soft palate and in the nasoincisor ducts, 10% are within the laryngeal mucosa, and -50% are distributed in the vallate and foliate papillae (Miller and Smith, 1984) . Nevertheless, the great majority of information about the processing of taste quality by the hamster gustatory system is based on input from the fungiform papillae via the CT nerve (Ogawa etal., 1968; Frank, 1973; ) was covered by the headholder. The nasoincisor ducts were further sealed with petroleum jelly so that stimulation in this experiment was restricted to taste buds on the soft palate.
An incision was made ventrally along the angle of the left mandible. The parotid gland, the posterior and anterior facial veins, and other vessels were moved aside and the connective tissue was separated by blunt dissection to reveal the left tympanic bulla. A part of its ventral wall was removed to expose the inside of the bulla. The malleus was extracted carefully so as not to damage the CT nerve. A thin layer of bone covering the cochlea, which appears as a small bump at the bottom of the bulla, was removed. After extracting the cochlea, a layer of temporal bone was removed carefully from the edge of the cleft of the Vlllth nerve to expose the main trunk of the Vllth nerve, the geniculate ganglion, and the GSP nerve distal to the ganglion. The GSP was dissected free from the surrounding tissue and transected at its exit from the geniculate ganglion. Neural responses from the CT nerve were also recorded in order to compare with those from the GSP. Since the CT nerve of the hamster spans the gap between the process of the incus and the tympanic bone, running along the surface of the lamina of the malleus, it is easy to access during this surgical approach to the GSP. The CT was cut proximally and recorded by the same method as the GSP in nine animals of the 14 from which successful recordings were obtained from the GSP. Additional CT data were obtained from three other animals for a total of 14 GSP and 12 CT nerves.
Electrophysiological recording
In order to obtain robust responses from the GSP, it was necessary to desheath the proximal end of the nerve; this was not necessary for the CT recordings because of the longer length of nerve available. The nerve was placed on a 100 /im tungsten wire electrode and soaked in mineral oil or coated with a small amount of petroleum jelly. An indifferent electrode was placed on the inner wall of the bulla and the animal was grounded via the headholder. Neural activity from the whole nerve was led to a high impedence probe prior to amplification by a Grass P511 preamplifier. Amplified signals were monitored on an oscilloscope and an audiomonitor, and recorded on videotape (Vetter Model 200T PCM recorder) for later analysis. Responses of the whole nerve were integrated (RC = 470 ms) and these integrated responses were displayed on a stripchart recorder (Hewlett Packard 680) at a speed of 2 in/min.
Stimulation
An outlet of polyethylene tubing (2.5 mm i.d.) was placed adjacent to the soft palate or to the anterior portion of the tongue in order to apply taste stimuli and rinse at a flow rate of 2 ml/s. A distilled water rinse constantly flowed over the palate or tongue and was switched to the stimulus solution for 10 s by a 3-way electromagnetic valve controlled by a microcomputer. Stimulus solutions were made with reagent grade chemicals (except for quinine hydrochloride, which was Baker grade) in distilled water. The stimuli were 1/2 log step concentration series of sucrose (0.001 -1.0 M), NaCl (0.0001-1.0 M), HC1 (0.00001-0.01 M), quinine hydrochloride (QHCI, 0.00003-0.03 M), a 0.1 M salt series of NaCl, NaNO 3 , LiCl, KC1, NH 4 C1, CaCl 2 , and MgSO 4 , and a 0.5 M sugar series of sucrose, lactose, maltose, D-fructose, D-glucose and D-galactose. Solutions of sugars were prepared weekly and stored at 5°C. Stimuli and rinse solutions were presented to the tongue or palate at room temperature (22°C).
Data analysis
Integrated responses in peripheral gustatory nerves typically start with an initial phasic response followed by a slowly declining tonic component (Smith et ai, 1975) . The phasic portion of the integrated response to 0.1 M NaCl was used as a standard; all of the responses recorded from a given preparation were calculated relative to the magnitude of the response to 0.1 M NaCl. This standard solution was applied just before and after each concentration series and between every three or four stimulations with the 0.1 M salts or 0.5 M sugars; the responses to the intervening stimuli were expressed relative to the average of the standard stimuli presented just before and after the series. If the phasic responses to successive stimulations with 0.1 M NaCl fluctuated by more than 20%, the data for the intervening stimuli were not included in the study. The height of the peak of the initial phasic response and the height of the tonic portion of the integrated response at 10 sec after stimulus onset were used as measures of response magnitude to each stimulus.
Since the magnitudes of integrated responses are not directly comparable from one preparation to another, it was necessary to devise a method by which the response magnitudes in the GSP and CT might be compared. Such comparisons might be made by normalizing the responses of each nerve to a standard stimulus (such as 0.1 M NaCl), which is arbitrarily set to be equal for the two nerves (e.g. Ferrell et al., 1981; Hill, 1988; Mistretta and Bradley, 1983) . However, because the response magnitude to any standard stimulus may differ between the CT and GSP, we chose to make the sum of the responses to all stimuli equal in the two nerves and express the response to each individual stimulus as a proportion of these equated totals. Thus, the response to each stimulus was expressed as a proportion of the total activity evoked by the four concentration series in each nerve. Response magnitudes for each preparation were first calculated relative to the magnitude of the phasic response to the standard stimulus, 0.1 M NaCl. Then, mean response magnitudes to the concentration series of sucrose, NaCl, HC1 and QHC1 were derived from all the preparations of each nerve; the total response magnitudes (TRMs) for the GSP and for the CT were obtained by summation of all these means. The mean response to each stimulus in each nerve was then expressed as a proportion of the TRM for that nerve and this proportion comprised the relative response magnitude for each stimulus. In this way, the relative responsiveness of the GSP and the CT to every stimulus could be assessed, although the absolute magnitudes of the responses in the two nerves could not be compared.
For each of the concentration series, the responses in the two nerves (GSP and CT) were compared with a two-way analysis of variance (nerve x concentration). Differences in the responses of the GSP and the CT to the 0.1 M salt series, and to the 0.5 M sugar series were analyzed using independent measures f-tests.
Results
Robust neural responses were produced in the hamster GSP when the soft palate was stimulated by chemical solutions. Integrated responses of the GSP and the CT nerves Greater superficial petrosaJ nerve to a concentration series of HCl and to the 0.1 M NaCl standard are shown in Figure  1 . Responses to 0.1 M NaCl differed between the two nerves; the tonic response (at the end of the 10-s stimulus period) was a much larger proportion of the phasic response in the CT compared to the GSP. This difference was evident for most of the salts (see below). In the GSP, the response to HCl emerged at about 0.00003 M, one half-log step lower than the threshold for HCl in the CT nerve (Figure 1 ). The phasic response of the GSP increased with HCl concentration up to 0.001 M, where it was slightly larger than that produced in the CT relative to 0.1 M NaCl. However, the phasic response of the GSP to HCl reached a maximum at 0.001 M and then decreased with further increases in concentration. In the CT, the phasic response to HCl continuously increased with concentration and had not saturated at 0.01 M. The GSP nerve showed a marked off-response at the onset of the distilled water rinse after HCl stimulation; this water response increased with HCl concentration and was twice as large as the tonic response to HCl at 0.01 M (Figure 1 ). There was a less pronounced response to the distilled water rinse in the CT nerve, which also continued to increase as HCl concentration rose.
Mean integrated responses to the concentration series of the four basic stimuli are shown in Figure 2 . Since there were differences in the phasic/tonic response ratios for some stimuli between the GSP and CT nerves, the functions shown in Figure 2 depict the relationships between stimulus concentration, and both the phasic responses and tonic responses for both nerves. Responses of the GSP are shown at the top of the figure and those of the CT at the bottom; phasic responses are on the left and tonic on the right. In response to stimulation with NaCl, both nerves showed monotonically increasing Phasic responses to NaCl in the CT began to saturate above 0.1 M, whereas those in the GSP continued to increase up to 1.0 M. Similarly, the tonic responses to NaCl saturated above 0.1 M in the CT, but showed a continual rise in the GSP all the way up to 1.0 M NaCl. The threshold for HC1 was lower in the GSP than in the CT; this was evident in both the phasic and tonic components of the HC1 response. As depicted above in Figure 1 for a single preparation, the mean phasic response to HC1 reached a peak in the GSP at about 0.001 M and then declined with increasing concentration. The tonic response to HC1 continued to rise up to 0.01 M HC1. Although the threshold for the phasic response to sucrose in the GSP was about a half log step higher than in the CT, the relative response magnitude for 1.0 M sucrose in the GSP was larger than that in the CT. The difference in sucrose responses between the two nerves is even more apparent in the tonic response. The responses to QHC1, both phasic and tonic, were somewhat smaller in the GSP than in the CT nerve.
A more direct comparison between the two nerves is shown in Figure 3 , which depicts the integrated tonic responses to each of the four stimuli in the GSP and the CT nerves. These data are the same as the tonic responses shown above in Figure 2 ; the functions are arranged here to facilitate a comparison between the CT and GSP. A two-way ANOVA (nerve x concentration) of the phasic and of the tonic responses to each of the stimuli demonstrated a significant (P < 0.001) effect of concentration for all four chemicals on both the phasic and tonic response components. The results of these ANOVAs are summarized in Table I , which shows the F-ratios and degrees of freedom (df) for each comparison. Tonic responses in the GSP to NaCl (P < 0.001) and QHC1 (P = 0.01) were significantly smaller than those in the CT (see Figure 3) . Both the GSP tonic phasic and tonic components of the response to sucrose were significantly (P < 0.001) larger in the GSP than in the CT (see tonic responses to sucrose in Figure 3 ). interactions occurred between nerve and concentration for the phasic and tonic responses to HCl (P < 0.05) and sucrose (P < 0.01) and for the tonic response to NaCl (P < 0.001; see Figure 3 ). Integrated responses from one GSP and one CT preparation to the series of 0.1 M salts are shown in Figure 4 . As was evident in the NaCl concentration series shown in Figure 2 , the tonic response to 0.1 M NaCl was a much larger proportion of the phasic response in the CT than in the GSP. This relationship was also true of NaNO 3 and LiCl, but there was less difference between the two nerves in the responses to the other salts. The mean relative phasic and tonic responses to the 0.1 M salt series in the CT and GSP are shown in Figure 5 . As a proportion of the TRM, the phasic responses of the CT to 0.1 M NaNO 3 and LiCl were significantly larger than those in the GSP (t = -5.27 and -5.60, P < 0.001, two-tailed r-test) and the phasic responses to MgSO 4 (/ = 4.04, P < 0.01) and KC1 (/ = 2.41, P < 0.05) were smaller. Differences in the tonic responses between the two nerves were more common. The tonic responses to LiCl, NaCl, NaNO 3 (t = -3.79 to -8.54, P < 0.001), NH 4 C1 and KC1 (t = -2.78 and -4.26, P < 0.05) were significantly smaller in the GSP and the tonic response to MgSO 4 was significantly (t = 4.85, P < 0.01) larger.
Responses of one GSP and one CT nerve to the six 0.5 M sugars and to the 0.1 M NaCl standard are shown in Figure 6 . The sugars did not elicit pronounced phasic responses in either nerve. All six of the sugars, however, produced larger responses in the GSP than in the CT, relative to the phasic response to 0.1 M NaCl. In fact, compared to the tonic responses in each nerve to 0.1 M NaCl (which are smaller in the GSP) the responses to the sugars were much larger in the GSP; sugar responses -5
Concentration (log M) Fig. 3 . Mean concentration-response functions for the four stimulus series in the GSP and CT nerves. Only tonic responses (after 10 s) are shown, since differences between the two nerves are more often reflected in this response component (see Table I ). Data are the same as in Figure 2 , but are arranged here to facilitate a direct comparison between the GSP and CT. Error bars show ± 1 SEM.
were more than twice the tonic response to NaCl in the GSP but less than half the tonic response to NaCl in the CT (Figure 6 ). The mean relative responses to each of these stimuli in the two nerves are shown in Figure 7 . These response ratios, as above, were derived from data normalized to the phasic response to 0.1 M NaCl and then expressed Table I Statistically significant F-ratios are shown in underlined boldface type (P < 0.001) or in boldface type (P < 0 05, except for the tonic response (N) for QHCI, where P = 0.01, and the tonic response (C x N) to sucrose, where P < 0.01). Numbers in parentheses are degrees of freedom.
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LiCI CaCl2 NaN03 MgCl2 NaCl as a proportion of the TRM (as defined above). There were significant differences (two-tailed r-tests, P < 0.05) between the CT and GSP in both the phasic and tonic portions of the sugar responses, except for the initial phasic response to glucose. In every instance, the relative response to these sugars was larger in the GSP than in the CT nerve. Since there was little pronounced phasic response to the sugars, the differences between the two nerves are markedly evident on both the phasic and tonic response measures, indicating that the sugars are around twice as effective on the soft palate as they are on the anterior portion of the tongue compared to the phasic response to 0.1 M NaCl.
Discussion
Most of what is known about the neurophysiology of the hamster gustatory system, as well as that of other mammals, is based on stimulation of the fungiform papillae on the anterior portion of the tongue. These papillae are innervated by the CT nerve, the fibers of which have been thoroughly characterized in the hamster (Frank, 1973; Frank et al., 1988) . On the basis of stimulation of the anterior tongue with a single mid-range concentration of each of four stimuli, Frank (1973) classified 79 CT fibers into one of four classes: sucrose-best (n = 20), NaCl-best (n = 42), HCl-best (n = 17) or QHCl-best (n = 1). A similar distribution of fiber types was described by the use of hierarchical cluster analysis and factor analysis to examine the similarities and differences among the response profiles of 40 CT fibers across an array of 13 stimuli (Frank et al., 1988) . Thus, the majority of hamster CT fibers respond best to sucrose or NaCl. Responses in gustatory nuclei of the hamster brainstem also show considerable sensitivity to sucrose and NaCl when these stimuli are applied to the anterior portion of the tongue (Travers and Smith, 1979, 1984; Van Buskirk and Smith, 1981; Smith et al., 1983b; Sweazey and Smith, 1987; Dickman and Smith, 1989) . In contrast to the sensitivity of taste fibers in the CT nerve, those in the hamster's IXth nerve, which innervate taste buds in the vallate and foliate papillae, are predominantly sensitive to HC1 and QHC1 (Hanamori et al., 1988) . Of 83 fibers recorded from the hamster IXth nerve, 52 were HCl-best, 19 were QHCl-best, eight were sucrosebest, and four were NaCl-best. These fiber types, like those in the CT nerve, were shown by hierarchical cluster analysis to be based on distinct response profiles across these basic stimuli. Thus, in comparison with gustatory fibers in the CT nerve, fibers in the hamster's IXth nerve are relatively more responsive to acid and quinine. Differences in Vllth and IXth nerve sensitivity are seen also in other species, where there is relatively poor sensitivity to QHC1 in the CT nerve (rat, Ogawa et al., 1968; squirrel monkey, Pfaffmann et al., 1976) . On the other hand, the IXth nerve is predominantly responsive to QHC1 and HC1 in several mammalian species, including rats (Frank, 1975) , gerbils (Oakley et al., 1979) , and mice (Shingai and Beidler, 1985) . Even in fish and amphibia, IXth nerve fibers have been shown to have very low thresholds for QHC1 (Gordon and Caprio, 1985; Kanwal and Caprio, 1983; Yoshii et al., 1981 Yoshii et al., , 1982 . Thus, there is a general trend across a wide array of vertebrates for fibers in the IXth nerve to be relatively more responsive to bitter stimuli than those in the Vllth nerve. These differences in the gustatory sensitivities of the Vllth and IXth nerves may be related to different functional roles for these taste inputs in initiating ingestive behavior and in triggering aversive responses to taste stimuli (Nowlis, 1977) . The GSP branch of the hamster's Vllth nerve, like the CT, is also quite responsive to sucrose and NaCl (Figures 3, 4 and 6 ). Compared to responses in the CT nerve, tonic responses in the hamster GSP are more robust to sucrose and less vigorous to NaCl and QHC1 across their dynamic ranges (Figure 3 , Table I ). Thus, the two branches of the Vllth nerve that carry gustatory information to the hamster's brainstem are both quite sensitive to sucrose compared to the IXth nerve. A comparison among the four different chemosensory nerves in the hamster to a single concentration of each of the four basic stimuli and distilled water (which stimulates only the SLN) is depicted in Figure 8 . The relative responses to 0.3 M sucrose, 0.3 M NaCl, 0.01 M QHC1, 0.01 M HC1 and distilled water are shown for each nerve. Data for the CT and GSP nerves are integrated tonic responses from the present study; those for the IXth and SLN are mean firing rates over a 10-s response period in 83 IXth nerve fibers (Hanamori et al., 1988) or 65 SLN fibers (Smith and Hanamori, 1991) . The proportions shown for each nerve in Figure 8 represent the response to each of these five stimuli as a proportion of the total response to all of them, given the response measures indicated above. The GSP is relatively more responsive to sucrose than the CT nerve, as has been shown also for the rat (Nejad, 1986) . Together, these two branches of the Vllth nerve provide the vast majority of the gustatory information to the brainstem about sucrose and NaCl (cf. sucrose and NaCl responses in IXth and SLN). It has recently been shown that CT responses to sweet substances are even more robust in awake, freely behaving rats in comparison to the response to NaCl (Matsuo and Yamamoto, 1990) , presumably due to the influence of saliva in the chronic recording experiments. By comparison to the Vllth nerve (CT and GSP), the IXth is relatively more responsive to QHCl and HC1 ( Figure 8) ; both the magnitude of the responses across fibers and the number of fibers most responsive to sucrose or NaCl are much less in the IXth nerve (Hanamori et ai, 1988) . Fibers in the SLN are highly responsive to HC1 and distilled water, providing little information about sucrose, QHCl, or about this concentration (0.3 M) of NaCl (Smith and Hanamori, 1991) . The responses to water in the SLN were recorded following adaptation of the laryngeal mucosa to 0.154 M NaCl (Smith and Hanamori, 1991) . Although the CT, IXth and GSP responses were obtained following water adaptation, there is no evidence that these nerves respond to water after adaptation to NaCl (e.g. see Figure 5 ). Thus, the lack of a response to water in the CT, IXth and GSP in Figure 8 is not due to methodological differences among these experiments. One way of attempting to assess the role of these various gustatory nerves in tastemediated behavior is by examining the effects of nerve transection. Early studies of this sort showed very little effect on behavior. Transection of both the CT and IXth nerves had no effect on the behavioral threshold for NaCl, although the addition of the pharyngeal branch of the vagus produced an animal that apparently did not recognize salt (Richter, 1939) . This result is somewhat hard to interpret given our current knowledge about the sensitivities of the GSP, which remained intact in these studies. Bilateral transection of the CT and IXth nerves has been shown to flatten the preference- Figure 3) ; those for the IXth and SLN are mean firing rates over a 10-s response period in 83 IXth nerve fibers (Hanamori el al., 1988) or 65 SLN fibers (Smith and Hanamon, 1991) . Each response represents the response to each stimulus as a proportion of the sum of the responses of that nerve to all five stimuli.
aversion function for NaCl and to reduce the aversion to QHC1 in the rat (Pfaffmann, 1952) . However, even removal of the CT, IXth and pharyngeal branch of X had no effect on rats' preferences for sucrose (Vance, 1967) . In these and other studies of gustatory deafferentation (Akaike et al., 1965; Ogawa, 1972; Jacquin, 1983) , the GSP nerve was always spared, leaving considerable sensitivity to all qualities of taste (see Figures 2, 3 and 8 ). More recent studies have shown that bilateral section of the GSP nerve in the rat results in a dramatic reduction in licking of sucrose solutions (Krimm et al., 1987) , which is compatible with its relatively greater sensitivity to sucrose (Nejad, 1986) . Transection of the CT bilaterally produced a smaller effect on the behavioral response to sucrose (Krimm et al., 1987) . One difficulty, however, in interpreting the results of CT or GSP nerve sections is that such procedures also result in denervation of the submaxillary and sublingual salivary glands and mucous glands of the soft palate, making it difficult to separate gustatory from salivary influences on ingestive behavior . Similarly, input from the IXth nerve has been shown to be important for the initiation of aversive responses (gapes) in the rat (Travers et al., 1987) , although these studies involved animals with denervated parotid and von Ebner's glands in addition to de-afferented vallate and foliate papillae. Thus, the effects of gustatory deafferentation are difficult to demonstrate independently from effects on salivary function. Nonetheless, the relative effects of Vllth v. IXth nerve transactions are compatible with the idea that activity in the Vllth nerve is more important for the initiation of ingestive behavior and in the IXth for triggering aversive responses to tastants (Nowlis, 1977) .
In acute experiments, transection of the SLN bilaterally has been shown to block the apneic reflex elicited by chemical stimulation of the larynx, demonstrating that tasteevoked activity in the SLN is particularly suited to a role in airway protection (Boggs and Bartlett, 1982; Storey and Johnson, 1975) . Thus, there are quite different inputs to the second-order neurons of the gustatory pathway from the four different nerves carrying gustatory afferent information (see Figure 8 ), which probably contribute differentially to taste-mediated behaviors. Besides its obvious role in controlling ingestive behavior, taste also triggers a number of metabolic responses, including salivary, gastric and pancreatic secretions (see Mattes, 1987) , although the specific contributions of particular cranial nerves to these responses are not well understood. Thus, in addition to their mediation of gustatory sensation, taste buds may have a number of roles related to gustatory-visceral regulation, depending on their peripheral distribution and innervation.
